Current protocols to encapsulate cells within physical hydrogels require substantial changes in environmental conditions (pH, temperature, or ionic strength) to initiate gelation. These conditions can be detrimental to cells and are often difficult to reproduce, therefore complicating their use in clinical settings. We report the development of a two-component, molecular-recognition gelation strategy that enables cell encapsulation without environmental triggers. Instead, the two components, which contain multiple repeats of WW and proline-rich peptide domains, undergo a sol-gel phase transition upon simple mixing and hetero-assembly of the peptide domains. We term these materials mixing-induced, two-component hydrogels. Our results demonstrate use of the WW and proline-rich domains in protein-engineered materials and expand the library of peptides successfully designed into engineered proteins. Because both of these association domains are normally found intracellularly, their molecular recognition is not disrupted by the presence of additional biomolecules in the extracellular milieu, thereby enabling reproducible encapsulation of multiple cell types, including PC-12 neuronal-like cells, human umbilical vein endothelial cells, and murine adult neural stem cells. Precise variations in the molecular-level design of the two components including (i) the frequency of repeated association domains per chain and (ii) the association energy between domains enable tailoring of the hydrogel viscoelasticity to achieve plateau shear moduli ranging from Ϸ9 to 50 Pa. Because of the transient physical crosslinks that form between association domains, these hydrogels are shear-thinning, injectable, and self-healing. Neural stem cells encapsulated in the hydrogels form stable three-dimensional cultures that continue to self-renew, differentiate, and sprout extended neurites.
H ydrogels are ideal materials for implantation because they introduce low levels of foreign matter into the body and allow high diffusivity of biomolecules (1) . Hydrogel crosslinks can be either chemical (2) (3) (4) or physical (5) (6) (7) . Because many chemical crosslinkers are toxic and result in noninjectable gels, physical hydrogels are preferred for many biomedical applications. Many physical hydrogels are shear-thinning and injectable, an important criterion for noninvasive cell and drug delivery. However, the assembly of polymers into physical hydrogels for cell encapsulation has been governed mostly by the use of external triggers (5, (8) (9) (10) (11) . In these systems, cells are mixed with precursors in the solution phase then exposed to a change in pH, temperature, or ionic concentration to induce a gel phase transition. Common triggers include temperature sweeps from 4 to 37°C for collagen (12) and Matrigel (13) , pH shifts from Ϸ2.5 to 7.4 for PuraMatrix (13) and leucine-zipper systems (5) , and cation concentration increases from 20 to 200 mM for alginate (12, 14) and peptide amphiphiles (8) .
These materials are designed generally to be gels at physiological conditions, requiring that cells be exposed momentarily to nonideal environmental conditions in the solution phase. Because cells are highly sensitive to these nonphysiological conditions, these triggers can be irreversibly detrimental to the encapsulated cells and accompanying proteins; furthermore, these environmental conditions can be difficult to reproducibly control in clinical settings (15) . Current cell injection techniques can result in substantial loss of transplanted viable cells (16, 17) . This is important because cell viability directly correlates to the success of cell transplantation therapies (18) . In response, we use the concept of protein-protein interactions between specific peptide domains to design a two-component, molecularrecognition physical hydrogel. The two components contain separate peptide domains that associate upon mixing under constant physiological conditions (Fig. 1) . Therefore, this twocomponent hetero-assembly strategy is tailor-made to encapsulate cells and proteins without subjecting them to variations in pH, temperature, or ionic strength. We term these materials mixing-induced, two-component hydrogels (MITCHs).
Three criteria were used to select the association domains for our engineered proteins. First, their amino acid sequences must be short to allow multiple domains to be repeated in a single polymer that expresses well in a recombinant host. Second, the domains must be found naturally intracellularly so as not to interfere with external cell signaling when presented as part of a hydrogel matrix. Third, the domain association should be specific and tunable. The WW domain and the proline-rich peptide, two small peptide domains that associate together, were found to meet these criteria. The WW domains, so named because of their conserved tryptophan residues (single-letter amino acid symbol: W) within the consensus sequence, fold into antiparallel ␤-sheet structures (19) . Many variants of this wellstudied structure are found in multiple intracellular proteins, and further variants have been derived computationally (20) (21) (22) (23) . Therefore, the WW domain and the proline-rich peptide represent a large library of potential association domains with varying degrees of binding specificity and strength. Multiple repeats of each association domain were linked together with random-coil hydrophilic spacers to form three separate families of engineered recombinant proteins with varying chain lengths ( Fig. 1 and Fig. S1a ). These block copolymers are synthesized using recombinant protein engineering, which requires complete specification of the primary amino acid sequence. Here, we demonstrate how this sequence control can be used to precisely dictate the association domain frequency (i.e., number of repeats per chain) and binding affinity (K d ), thereby tailoring the MITCH bulk rheological properties via molecular-level design.
This design strategy is unique in two ways from previous work using physical crosslinks to induce the hetero-assembly of twocomponent hydrogels (7) . First, many reported two-component hydrogel systems rely on interactions that are difficult to tailor at constant physiological conditions. For example, the stereo-complexation of enantiomers of polylactic acid (24, 25) and the interaction of ␤-cyclodextrin polymers with various complementary guest molecules (26, 27) have been explored as controlledrelease hydrogels. Because of the relative nonspecificity of these interactions compared with peptide-peptide associations, tuning the association energy between the two polymers at constant physiological conditions can be somewhat difficult for cell encapsulation applications. Second, previous peptide-based twocomponent hydrogels were designed to interact with specific molecules in the extracellular environment for particular applications, including delivery of growth factors (28) , display of heparin-binding peptides (29) , and sensing of calcium ions (30) . In contrast, we have chosen association domains that normally are not present in the extracellular environment; therefore, our materials are engineered to be noninteractive with the extracellular milieu for specific applications in cell encapsulation, which requires reproducible hydrogel formation even in the presence of additional biomolecules. Because of their ease of use, tunability, and reproducibility, these MITCH materials may be applicable to a wide range of potential cell injection therapies.
A variety of new cell injection protocols are currently under investigation for treatment of a myriad of diseases and injuries (17, (31) (32) (33) (34) . Here, we focus on potential applications in the central nervous system. Unlike many other tissues, the adult central nervous system has a limited capacity for self-repair (35) . Transplantation of many cell types including endothelial cells (36) and adult neural stem cells (37) have produced partial functional recovery in animal models with a wide spectrum of lesions. However, most cell transplantation protocols inject cells suspended in liquid medium, which often results in low viability after implantation (15-35%) and unpredictable outcomes (38) (39) (40) . Cell viability directly correlates to functional outcome; therefore, there is a strong need to develop efficient methods of cell delivery (41, 42) . As a first step toward this goal, we demonstrate that our MITCH system can encapsulate endothelial and neural stem cells successfully, maintain cellular proliferation, and support cellular differentiation and threedimensional cell spreading.
Results
Engineered Protein Design, Synthesis, and Characterization. The MITCH polymers were designed using protein engineering concepts and simple polymer physics considerations. The WW domain (Ϸ31-40 aa) has shown surprising specificity and affinity for proline-rich peptides despite its nonconserved sequences (20) . Many WW domain sequences have been identified in nature and derived computationally (21) (22) (23) . For our studies, we chose two WW domains, the computationally derived CC43 (22) and a slight variation of the wild-type sequence Nedd4.3 (21, 22) , reported to differ by an order of magnitude in their association constants with group I proline-rich peptides (PPxY). The hydrophilic spacers were hypothesized to add flexibility to the protein chains, thereby facilitating accessibility and binding between the WW and PPxY domains. We designed the length of hydrophilic spacer 1, which links multiple WW domains, to be equal to or greater than the length of a single WW domain [Ϸ25 Å based on X-ray crystallography (43)] assuming that the spacer has a self-avoiding random-coil configuration (5, 44) . The length of hydrophilic spacer 2, which links multiple PPxY domains, was chosen to be a non-integer multiple (2/5) of spacer 1 to minimize the possibility of several physical crosslinks forming between a single component 1 chain and a single component 2 chain (i.e., ''zipping up'' of pairs of molecules), which would prevent the formation of a fully linked network.
The synthesis of these precisely designed polymers was achieved by using recombinant protein technology to encode each primary sequence in an exact modular genetic construct (Fig. S1b) . The engineered proteins were expressed in Escherichia coli, purified via affinity chromatography, and characterized by gel electrophoresis, mass spectrometry, and amino acid composition analysis (Fig. S2 ). To verify that the association domains properly fold and bind when fused to hydrophilic spacers on their C and N termini, secondary structure and binding analyses were performed on protein polymers with three repeats of each domain (C3, N3, and P3). Circular dichroism of C3 and N3 showed the characteristic features associated with the antiparallel, triple-stranded ␤-sheet fold of a WW domain (19) (Fig. S3 ). Binding affinities were measured by isothermal titration calorimetry and tryptophan fluorescence quenching experiments (Fig. S3) . P3 binds to C3 and N3 with apparent dissociation constants of 4.6 Ϯ 0.01 M and 62 Ϯ 4.6 M, respectively, consistent with previous observations of monomeric units of CC43 and Nedd4.3 bound to a model group I polyproline peptide (apparent dissociation constants of 1.7 Ϯ 0.1 M and 11.2 Ϯ 1.2 M, respectively) (22) (Fig. S3 ). These assays demonstrate that the modular approach to protein engineering allows for the systematic design of families of proteins that physically bind through precise molecular-recognition interactions with tunable association energies.
Microrheology and Bulk Rheology of Protein-Engineered Hydrogels.
The rheological properties first were evaluated using microrheology, where the Brownian motion trajectories of micrometersized fluorospheres embedded within the solutions are tracked over time (26, 45, 46) . On the time scale of these experiments, all of the individual component solutions (7.5 wt %) appear to behave as viscous Newtonian fluids, because the mean-squared displacement (MSD) of the particles scales linearly with time, (Fig. 2A ) (45) . As expected, MSD for the higher molecular weight polymers (C7, P9, and N7) is less than that of the lower molecular weight polymers (C3, P3, and N3), because of an increase in solution viscosity. Transient physical crosslinks are formed between adjacent polymers by mixing together solutions that contain the C and P domains. The probability of forming a crosslink, p, times the functionality, f (i.e., number of potential crosslinking sites per chain), gives the average number of crosslinks formed per chain. To form a stable hydrogel network, the crosslink probability, p, must be above the gel-point threshold, p c . In mean-field treatments of gelation, the gel-point threshold to induce the formation of a percolating polymeric network, p c , decreases as the functionality, f, is increased (47) (48) (49) . To examine the role of functionality in this MITCH system, solutions of polymers with varying numbers of repeated association domains per chain, f, were made with identical weight per volume concentrations (7.5 wt %); thus, the total number of potential crosslinks within each mixture is identical. The microrheological measurements demonstrate a clear difference in MSD behavior for the highest functionality C7:P9 mixture compared with the lower functionality combinations of C3:P3, C3:P9, and C7:P3 (Fig. 2B) . Although at short time scales the low functionality mixtures exhibit subdiffusive particle behavior indicative of viscoelasticity, ultimately the particle trajectories trend toward 1 at time scales Ͼ1 s, indicating liquid-like behavior. These data are consistent with visual observations that the mixtures are freely flowing solutions. In contrast, MSD in the C7:P9 mixture was found to be nearly independent of time across the range of time scales observed, indicative of the formation of a hydrogel network and consistent with visual observations of the gel-phase transition (Fig. S4) . Therefore, altering the number of repeated association domains included in each chain enables direct manipulation of the viscoelastic properties by tuning of the gel-point threshold.
Although the ideal viscoelastic properties of hydrogels for cell transplantation are not yet well understood, the gel should result in uniform cell suspensions (9) . Additionally, because cell morphology, adhesion, differentiation, and gene expression can be altered in response to biomechanical cues (50) (51) (52) , the ability to systematically tune the hydrogel viscoelasticity is critical. We hypothesized that our modular design strategy would allow systematic control over the viscoelasticity not only through variation of the frequency but also through variation of the binding affinity. As expected, substituting the weaker binding N7 component for the stronger binding C7 component resulted in hydrogels with significantly higher MSD values, indicative of more compliant gels (Fig. 2C) . Furthermore, viscoelasticity also was tuned by altering the protein concentration of the mixtures (Fig. S4 ). These results demonstrate that judicious selection of the molecular-level peptide building blocks can be used to predictably tune the macroscopic hydrogel viscoelastic properties.
Although microrheology data can be used to directly compute frequency-dependent storage (GЈ) and loss (GЉ) moduli, these transformations presume correct knowledge of the MSD behavior across an infinite range of time scales; therefore, large errors can be introduced commonly in these calculations (53) . To avoid this, bulk rheology was used to determine GЈ and GЉ behavior of the hydrogels (10 wt %). Within the linear viscoelastic range of both mixtures, the plateau GЈ was larger than GЉ, indicative of the gel phase (Fig. S4) . At room temperature, C7:P9 has a GЈ value of Ϸ50 Pa, similar to 100% Matrigel, whereas the weaker binding N7:P9 has a GЈ value of Ϸ9 Pa, similar to 50% Matrigel (54) . Matrigel is a commercially available hydrogel commonly used for cell encapsulation and transplantation preclinical studies. However, because of its isolation from the basement membrane of a mouse sarcoma, Matrigel is unlikely to be approved for clinical use (16, 17) . These data demonstrate that the viscoelastic properties exhibited by the MITCH materials are within the appropriate range for cell encapsulation and transplantation applications.
Because these hydrogels are formed by weak, transient crosslinks, we hypothesized that they would be shear-thinning, injectable, and self-healing, which are desirable properties for potential clinical materials (10, 16, 17) . We ejected fully formed C7:P9 and N7:P9 gels (7.5 wt %) through a 26-gauge syringe needle (commonly used for patient insulin injections) by hand into microrheology chambers. The MSD behavior of the shearthinned samples was monitored during the self-healing process until a fully formed hydrogel with viscoelastic properties identical to that of the presheared gel was achieved (Fig. 3) . For the stronger binding C7:P9, complete self-healing occurred in 5 min; in contrast, the weaker binding N7:P9 required 30 min to self-heal. These results demonstrate that the MITCH materials are candidates for use as clinically injectable hydrogels and that molecular-level design of the polymers can tailor the kinetics of self-healing.
Protein-Engineered Hydrogels Support Three-Dimensional Cell Culture. The bioactivity and biocompatibility of the MITCH materials were assessed initially on two-dimensional (2D) films of the C7:P9 and N7:P9 hydrogels using a neuronal-like PC-12 cell line and dissociated murine adult neural stem cells (NSCs). We incorporated biofunctionality into the hydrogels by introducing a fibronectin-derived RGDS cell-adhesion sequence within hydrophilic spacer 1 ( Fig. 1 and Fig. S1a) . PC-12 cell proliferation on C7:P9 and N7:P9 gels, as monitored by DNA quantification, was comparable to that on a positive control collagen I substrate and enhanced over noncoated tissue culture plastic, a common negative control for adherent PC-12 cells (55) (Fig. S5) . For NSCs, which do not require substrate adhesion, DNA quantification on all of the substrates was similar (56) (Fig. S5) . Additionally, NSCs grown on C7:P9 and N7:P9 hydrogel films were able to self-renew and maintain their neural multipotency as observed via nestin-positive immunocytochemistry when cultured in proliferation medium (Fig. S5) . Cultures of PC-12 cells and NSCs on C7:P9 and N7:P9 gels adopted typical neural morphologies after differentiation, with PC-12 cells showing long neuronal extensions (Fig. S5) and NSCs displaying glial (GFAP-positive) and neuronal (MAP2-positive) phenotypes (Fig. S5) .
To encapsulate cells within three-dimensional (3D) gels at constant physiological conditions, cells were premixed with solutions of C7 or N7 before the addition of P9 to induce gelation (Fig. S6) . Microrheology confirmed that the molecular recognition between WW and proline-rich peptide domains was not disrupted by the presence of biomolecules in the culture medium, including 5% FCS (Fig. S7) . Three cell culture types were evaluated in 3D encapsulation studies: PC-12 cells as a reproducible model cell line, human umbilical vein endothelial cells (HUVECs) as a clinically relevant human cell type (36) , and murine adult NSCs as cells used in animal models of central nervous system regeneration (37) . After encapsulation, z-stack confocal imaging of calcein-AM-labeled living cells and ethidium-homodimer-labeled dead cells showed highly viable cells distributed throughout the gels (Fig. 4 and Fig. S8) . The relatively uniform cell distributions in both gels confirm the visually observed fast gelation kinetics, which form in Ϸ30 s, consistent with previous peptide assembly studies that reported decreasing the gelation time from 1 h to 40 s resulted in homogeneous distributions of cells (9, 57) . Both suspensions of single cells (Fig. S8 a and b) and suspensions of larger NSC neurosphere aggregates (Fig. S8 c and d) were viable and stable after 5 days of 3D culture. Together, the results from the HUVEC, PC-12, and NSC studies demonstrate the cytocompatibility and ease of use of these MITCH materials for a potentially wide range of cell encapsulation applications.
Finally, to demonstrate that MITCH materials could support the differentiation of adult NSCs in 3D culture, encapsulated cell-gel mixtures were exposed to a 6-day differentiation protocol. Neuronal MAP2-positive and glial GFAP-positive cells were present in both C7:P9 and N7:P9 gels, whereas no nestinpositive cells were observed in any of the samples after differentiation (Fig. 5) . Multiple elongated neurites, often extending Ͼ100 m in length in all three directions, were observed. These data demonstrate that our gels can support the self-renewal, differentiation, and elongated neurite extension of NSCs in 3D cultures.
Discussion
These results demonstrate an effective strategy to encapsulate cells within injectable physical hydrogels. Gelation is based solely on the cumulative effects of specific molecular-recognition interactions between WW domains and proline-rich peptides repeated within the sequences of two distinct engineered components. This is the first demonstrated use of WW and prolinerich peptide domains in protein-engineered materials. A wide variety of WW domains with varying binding affinities for specific proline-rich peptide sequences have been reported in the literature; therefore, this work greatly expands the library of potential peptide domains that can be incorporated successfully into protein-engineered materials. This MITCH strategy allows simple and gentle cell encapsulation without compromising cell viability and without the use of any environmental triggers. Because WW and proline-rich peptide domains are found generally in intracellular proteins, the hetero-assembly of these domains is not disrupted by the presence of additional biomolecules in the extracellular milieu. The fast gelation kinetics observed allow for cell distribution throughout the gel. In addition, the shear-thinning, injectability, and self-healing properties of the MITCH materials make them attractive candidates for potential cell injection applications. Currently, we are using a dorsal subcutaneous mouse model (16) to monitor the viability and distribution of cells delivered via injection within MITCH materials.
The synthetic accuracy of protein engineering allows both components of the MITCH material to be modified precisely. We have demonstrated that two molecular-level design parameters (i) the frequency of association domains and (ii) the binding strength between association domains can fine-tune the hydrogel viscoelasticity. In addition to these two molecular-level variables, we hypothesize that tailoring the length of the hydrophilic spacers linking together multiple association domains also will result in altered hydrogel viscoelasticity. Therefore, the biosynthetic strategy used here will enable the further design of additional MITCH polymers with precisely tailored molecular parameters, which may provide future insights into the relationship among molecular-level design, mesoscale network structure, and macroscopic hydrogel properties.
The protein engineering biosynthetic strategy also enabled the incorporation of the cell-adhesive RGDS peptide directly into the backbone of the MITCH materials at precise locations. These cell-adhesive materials supported the 3D culture and proliferation of PC-12 cells, HUVECs, and NSCs. Although recent studies have demonstrated that 2D NSC cultures were unable to self-renew or differentiate on top of substrates with moduli of Ϸ10 Pa, our data demonstrate that weak hydrogels (GЈ Ϸ 9-50 Pa) support the self-renewal, differentiation, and elongated neurite extension of NSCs in 3D (58) . These results suggest that the range of mechanical properties that elicit specific cellular responses may be different in 2D versus 3D, similar to recent reports of dimensionality effects on the biomechanics of endothelial cells (59, 60) . Because of their highly tunable nature and precise synthetic strategy, these MITCH materials may be well suited to probe these types of biomechanical and biochemical effects on 3D in vitro cultures. For example, through a series of simple bacterial genetic manipulations, the frequency of repeating RGDS cell-adhesive ligands can be tuned without altering the other molecular-level design parameters. Additionally, a variety of other known cell-binding domains that have been incorporated into protein-engineered materials could also be designed into the MITCH gels to target specific cell interactions (61) .
In summary, the use of WW and proline-rich peptide domains was demonstrated as an effective strategy to encapsulate multiple cell types within 3D hydrogels of tunable viscoelasticity. These materials undergo the sol-to-gel phase transition upon simple mixing of two polymers, thereby encapsulating cells at constant physiological conditions. Polymers with specific molecular-level design parameters were synthesized precisely by using protein engineering concepts to tailor the viscoelastic properties of the materials. The resulting hydrogels are shearthinning, injectable, and self-healing, which may make them suitable for use in a wide range of experimental and clinical cell encapsulation applications.
Materials and Methods
Protein Engineering. The cloning scheme, primary sequence, and protein characterization are described in the SI Materials and Methods.
Particle Tracking. Microrheology used 0.2-m tracer fluorescent particles (Molecular Probes) in buffer TN (100 mM Tris⅐HCl and 100 mM NaCl, pH 8.0) unless otherwise noted. After being mixed, 10-L samples were pipetted immediately between a microscope slide and a coverslip separated by a 120-m-thick SecureSeal Imaging Spacer (Grace Bio Labs). For shear-thinning, gels equilibrated 60 min in a syringe before ejection via a 26 gauge needle (5/8 in. in length, Ϸ0.42 mm in diameter; BD Biosciences). The Brownian dynamics of 20 -50 beads were followed under a 40ϫ oil-immersion objective, temporal resolution Ϸ30 Hz, for Ϸ15 s (iXON DV897 camera; Andor Technology). Stacks of images were analyzed following the methods and macros of Crocker and Grier (46) using IDL software, version 7.0.
Cell Encapsulation. Cells (5 L, 20 ϫ 10 6 cells per milliliter, HUVECs, PC-12 cells, or NSCs) were added first to C7 or N7 solution (5 L) and then P9 (10 L) on a glass coverslip. Cell viability was assessed with a LIVE/DEAD kit (Molecular Probes). Staining solution containing 2.0 M calcein AM (ex ϭ 488 nm, em ϭ 515-540 nm) and 4.0 M ethidium homodimer (ex ϭ 528 nm, em ϭ 560 nm) in PBS was incubated at 37°C for 75 min and visualized by laser confocal microscopy. See SI Materials and Methods for details on culture maintenance and immunocytochemistry.
